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ABSTRACT 

Ultraviolet photodetectors have many military and commercial applications. However, for many of these applications, the 
photodetectors must be solar blind. This means that the photodetectors must have a cutoff wavelength of less than about 
270 nm. Semiconductor based devices would then need energy gaps of over 4.6 eV. In the Al x Gai. x N system, the 
aluminum mole fraction, x, required is over 40%. As the energy gap is increased, doping becomes much more difficult, 
especially p-type doping. This report is a study of the electrical properties of Al»Ga|. x N to enable better control of the 
doping. Magnesium doped p-type Al x Ga,. x N has been studied using high-temperature Hall effect measurements. The 
acceptor ionization energy has been found to increase substantially with the aluminum content Short-period superlattices 
consisting of alternating layers of GaN:Mg and AlGaN:Mg were also grown by low-pressure organometallic vapor phase 
epitaxy. The electrical properties of these superlattices were measured as a function of temperature and compared to 
conventional AlGaN:Mg layers. It is shown that the optical absorption edge can be shifted to shorter wavelengths while 
lowering the acceptor ionization energy by using short-period superlattice structures instead of bulk-like AlGaN:Mg. 
Silicon doped n-type films have also been studied. 

Keywords: GaN, gallium nitride, AlGaN, aluminum gallium nitride, HaU effect, ultraviolet photodetectors, short-period 
superlattice, p-type doping, magnesium doping 

1. INTRODUCTION 

The aluminum gallium nitride (AlGaN) material system has an energy gap ranging from 3.4 to 6.2 eV while the lattice 
constant only varies by 2.5%. This makes it highly desirable for many device applications. For instance, this is currendy 
the most promising semiconductor system for truly solar blind photodetectors 1 with cutoff wavelengths shorter than 270 
nm. Many other applications exist for the m-Nitrides in high-power and high-temperature electronics, and blue and 
ultraviolet light emitting and laser diodes, 3 but materials issues still dominate. A major problem is the doping - especially 
as the aluminum concentration is increased. Silicon is the preferred n-type dopant, and magnesium is the preferred p-type 
dopant. Both are substitutional for the gallium atom in GaN. Germanium is another n-type dopant that has been 
successfully used for AlGaN. 4 N-type doping of the Hi-Nitrides using selenium 5 and sulfur has not been very successful 
because of the difficulty of incorporation onto the nitrogen sites. We have previously reported Ill-Nitride growth, * 
characterization,"* 12 and photodetectors. 1314 This paper will treat the electrical properties and doping techniques for both 
n-type and p-type AlGaN. 

The m-Nitride i vers were grown in a horizontal low-pressure organometallic vapor pha. epitaxy reactor manufactured by 
AEXTRON (AIX 700/4 HT). All of the thin films discussed in this paper were grown on 0001) sapphire substrates with a 
high temperature /*1N nucleation layer. The precursors used were trimethylgallium (TML or triethylgalHum (TEGa) as 
the gallium source, trimethylaluminum (TMA1) for aluminum, ammonia (NH 3 ) for nitrogen, dilute silane (SiHO for silicon, 
and biscyclopentadieny lmagnesium (Cp2Mg) for magnesium. 
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2. N-TYPE AIGaN 



GaN films are easily doped with silicon using silane diluted in hydrogen as a precursor. The carrier concentration increases 
linearly with the silane flow. It is interesting to note that the intercept is negative (Figure 1(a)), possibly indicating that 
there are a large number of 1 vels acting as deep acceptors in the undoped insulating GaN layers. As seen in Figure 1 (b), 
the room temperature Hall mobility also increases with higher doping in this regime, which is again consistent with 
compensation by deep acceptors. The x-ray rocking curve broadens somewhat as the doping increases as seen in Figure 2 
showing that the structural properties are also affected by doping. 




Figure 1. The room temperature carrier concentration of GaN increases linearly (a) and the mobility increases (b) with the dopant flow. 
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Figure 2. The X-ray rocking curve of GaN broadens somewhat with increased dopant flow. 



AIGaN films with low aluminum content also exhibit linear increases in the carrier concentration with increases in the S1H4 
flow rate as shown in Figure 3. The undoped films were insulating, again indicating the possibility of compensation by a 



deep acceptor level. From the intercept of the line, a net acceptor concentration N. - N d of about 7 x 10" cm 3 can be 
estimated for these undoped Al0.2Ga0.gN films. 

Figure 4 shows the temperature dependent Hall effect data for these samples. The apparent electron concentration is nearly 
temperature independent, but the minima in the curves are indicative of a second conduction path such as an impurity band 
or interfacial layer. The changes in the resistivity with temperature largely track the mobility, because of the relatively flat 
carrier concentration curve. The increasing mobility to high temperatures is consistent with scattering by ionized impurities 
such as deep acceptors. 
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Figure 3. The room temperature electron concentration is a linear function of the dilute SiH4 flow rate for Al,Gai. x N with x ■ 0.2. 
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Figure 4. Electrical data for AlGaN (x=0.2) with different sOane flow 
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The silicon doping of AUGa^N films has also been studied as a function of the aluminum composition x. Assuming 
Vegard's law applies and the films are relaxed, the composition was determined by measuring the c lattice constant As x 
increases, the films become progressively more difficult to dope. As seen in Figure 5, the resistivity increases by several 
orders of magnitude as x is increased to over 50% while the dopant flow remained constant 
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Figure 5. The room temperature resistivity is plotted as a function of x in Al x Ga,.,N doped with 10 seem of dilute Sill* 




Figure 6. The room temperature mobility aud carrier concentration as a function of x. 



As can be seen in Figure 6, this is primarily due to a decrease in the earner concentration, although the mobility also 
decreases significantly. The lower carrier concentration at higher aluminum concentrations could be due to higher 
compensation, a higher ionization energy, or lower incorporation efficiency of the silicon dopant The mobility may 



decrease because of an increased effective mass, alloy scattering, or larger concentrations of defects and impurities. The 
lower carrier concentrations may also lead to poorer screening of charged scatterers. 



The temperature dependent resistivity was also measured for various aluminum concentrations with the same silane flow 
rates. The activation energy was very low up to aluminum concentrations f 50%. For an aluminum concentration of 70%, 
however, the activation energy of the resistivity jumped to 0.68 eV. Instead of a sudden increase in the silicon ionization 
energy, it is possible that this deep level is related to a cation vacancy or a oxygen DX center. 15 The carrier type of this 
high resistivity sample was not determined because of the very low mobility. 
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Figure 7. Resistivity as a function of reciprocal temperature for identically silicon doped AlGaN with different aluminum mole fractions. 



3. P-TYPE AlGaN 



3.1. Bulk-like AlGaN :Mg 



One of the most important remaining issues is the p-type doping of die Hi-Nitrides, especially AlGaN with high alu m inu m 
mole fractions l <5cause of the relatively deep acceptors. 15 " 19 The p-type doping of GaN \s a critical step for the fabrication 
of bipolar EH-Ni ,ide devices including LED's, laser diodes, and p-i-n photodetectors. Unfortunately, this is not an easy 
task. As we will see, two major problems exist for the doping. The first problem is t t large ionization energy of the 
dopants, which results in a much lower free hole carrier concentration than the dopant concentration. The second challenge 
is the low solubility of the dopant in the material. The resistivity of the material is the best metric for comparing p-type 
films. This is due to the low mobility of p-type AlGaN which results in a low Hall v ltage and a poor signal to n ise ratio 
for the carrier concentration and mobility. 




From Figure 8(a), it is apparent that the carrier concentration is extremely sensitive to the dopant flow rate. The resistivity 
varies over several orders of magnitude for variation in the flow rate of only about a factor of ten. There is a narrow 
relative minimum in the resistivity for which the p-type doping is successful. The initial steep decline in the resistivity may 
be due to factors such as reduced compensation of acceptors by donors. The onset of the increase in resistivity may be due 
to the formation of magnesium nitride or other phases that disrupt the quasi-two dimensional growth of GaN. In any case, 
the structural properties of the GaN are adversely affected by heavy doping with CpiMg. As seen in Figure 8(b), the x-ray 
linewidth increases as the doping increases, indicating the deterioration of the structural perfection. Hie surface 
morphology also became rougher as observed by SEM for heavily doped films. 
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Figure 8. (a) Resistivity at room temperature as a function of the magnesium flow rate indicates that the doping of GaN is extremely 
sensitive to the flow rate and is nonlinear, (b) The x-ray rocking curve linewidth increases as the magnesium doping is increased. 



The carrier concentration is a very strong function of temperature, indicative of a large dopant ionization energy. The 
mobility is only weakly dependent on temperature, so the temperature dependent resistivity primarily reflects the carrier 
concentration variation with temperature. ^ 

The AlGaN:Mg layers have higher activation energies and higher resistivities than the GaN layers. As shown in Figure 9, 
the room temperature resistivity of a series of AlGaN:Mg layers increases logarithmically as the aluminum concentration is 
increased for the same magnesium dopant flow. In addition to the increase in the impurity ionization energy that is 
probably the dominant factor, additional factors may be responsible including reduced mobility or a lower magnesium 
incorporation rate. The mobility is probably reduced by an increased effective mass and increased scattering due to higher 
Toncentrations of defects and ionized impurities. The oxygen concentration is expected to increase with the aluminum 
c ncentration, compensating the p-type material and contributing ionized upurity scattering centers. 
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Figure 9. The room temperature resistivity of AlGaN increases by several orders of magnitude as the Al content is increased. 



The activation energy of the resistivity as a function of the aluminum fraction for AlGaN:Mg samples is obtained by fitting 
the temperature dependent resistivities. This activation energy increases rapidly as the bandgap increases, as will be seen in 
the next section. 

3.2 Magnesium doped short-period superiattices 

In this section, we present the p-type doping of AlGaN short period superiattices (SPSL's) with the motivation of reducing 
acceptor ionization energies and compare this technique to die doping of single AlGaN layers. Also, superiattices of 
AlGaN have been used for reducing cracking in the confinement layers of IE-Nitride lasers, 20 so it is useful to understand 
their electrical properties. 

A 50 run thick, high-temperature A1N nucleation layer was deposited prior to an AlGaN layer or superlattice at 1050°C 
with a total thickness of 0.7 jim. Following the growth, the samples were annealed in the reactor at 900°C in nitrogen for 
ten minutes to remove the hydrogen passivation of the acceptors. Table I shows the structures of the SPSL's including the 
layer thicknesses and aluminum concentrations. The cutoff wavelengths and acceptor ionization energies of the SPSL's 
studied are also shown in the table. (The arbitrarily chosen A*o% is defined as the wavelength at which half of the light is 
transmitted through the film. This wavelength falls on the steep slope of the transmission curve and corresponds to about 
10 4 cm' 1 for these 0.7 u\m thick samples.) 

Table I. Sample data including superlattice layer thicknesses, composition of the Al x Gai. x N layer, cutoff wavelengths, and acceptor 
ionization energies. 
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Figure 10 is a diagram of the valence band of a SPSL, drawn without any band bending. E^om and E^gin are the 
acceptor ionization energies in GaN and AlGaN respectively. AEvb is the valence band offset, and aEsl is the offset of the 
bottom of the first miniband of the SPSL from the valence band of GaN. For true superlattice behavior, the barriers must 
be very thin so the wavefunction can penetrate in spite f the large effective hole mass. The positions of the minibands can 
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be simply calculated, 21 but the effective masses and valence band offsets are not yet well known for the AlGaN system. 
Using the diagram, the acceptor ionization energy is given by one of the following equations: 



'VB 



(1) 

(2) 



If each constituent layer is p-type, the smaller of Eqs. (1) and (2) will be the initial ionization energy. However, if the 
AlGaN layer were fully compensated as is likely in very high aluminum content layers, Eq. (2) would be relevant. 




Figure 10. Schematic diagram of the valence band of a superlattice. Shaded lines are the minibands of the superlattice. Dashed lines are 
the dopant levels in their host material. 

X-ray diffraction curves were obtained using a Philips HRD system with a monochromator utilizing four (220) Ge 
reflections. Figure 1 1 shows the co^G curve of a Mg doped GaN/AlGaN SPSL. In addition to the main peak, both the A1N 
buffer layer peak and the -1 superlattice peak are visible. The superlattice period calculated from the peak positions agrees 
with the expected thickness based on the growth rates of the constituent layers of the SPSL. 




<a/29 (degrees) 



Figure 1 1 . X-ray diffraction Cfl/20 curve f a magnesium doped GaN/AlGaN SPSL. 
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UV- visible transmission curves were obtained using a dual beam spectrometer with a sapphire substrate in the reference 
beam. Figure 12 shows the optical transmission curve for a SPSL compared with curves for its constituent GaN:Mg and 
AlGaN:Mg layers. As expected, the onset of the absorption edge of the SPSL is clearly shifted to a shorter wavelength than 
GaN. Once the absorption edge is reached, the bulk-like binary and ternary films quickly absorb all of the incident light, 
within the limit of the background noise. This contrasts with the transmission curve of the SPSL, which has a small peak 
below the initial absorption edge. This is consistent with absorption between the allowed energy bands of the SPSL. 
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Figure 12. Optical transmission of Hi-Nitride films. 



Figure 13 shows the resistivity as a function of temperature for a magnesium doped GaN/AlGaN SPSL and its constituent 
layers. Temperature dependent Hall effect and resistivity measurements were taken in the van der Pauw configuration in a 
nitrogen or helium atmosphere. The hole concentration could not always be obtained because the noise was often larger 
than the Hall voltage, largely because of the low hole mobilities that were typically less than 10 cm 2 /V s. Assuming the 
mobility is comparatively temperature independent, the acceptor ionization was extracted by assuming resistivity is 

inversely proportional to T* 1 1 e" Ekl 47 where T is i I* absolute temperature, E A is the acceptor ionization energy, and k is 
the Boltzmann constant Only the steepest part of the c rrve was used in the fit, to exclude hopping conduction at the lowest 
temperatures and both saturation and irreversible change >, which sometimes occurred at the highest temperatures. 
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Figure 1 3. Temperature dependent resistivity of El-Nitride films. 

The data from fits for several samples is summarized in Figure 14, which plots the acceptor ionization energy as a function 
of the cutoff wavelength at which 50% of the light is transmitted. These initial data points show that it is possible to lower 
the acceptor ionization energy for given cutoff wavelength by using this doping technique. The incre* sed ionization 
energy for the higher aluminum confining SPSL's could be due to a larger number of compensating donors changing the 
position where the Fermi level is pinm t 
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Figure 14. Acceptor ionization energies as a function of optical absorption edge (50% transmission) of bulk-like AlGaN:Mg compared 
with Mg doped GaN/AlGaN short-period superlattices. 

4. CONCLUSIONS 

Silicon doping of Al^a^N using dilute silane was studied. Low donor ionization energies were measured up to x=0.5. 
However, a film grown with x=0.7 had a much higher activation energy of 0.68 eV. 

Short-period superlattices consisting of alternating layers of GaN:Mg and AlGaN:Mg were grown by low-pressure 
organometallic vapor phase epitaxy. The electrical properties of these superlattices were measured as a function of 
temperature and compared to conventional AlGaN.Mg layers. It is shown that the optical absorption edge can be shifted to 
shorter wavelengths while lowering the acceptor ionization energy by using short-period superlartice structures instead of 
bulk-like AlGaN:Mg. Since the hole effective mass is much larger than the electron effective mass, and the conduction 
band offset is larger than that of the valence band, most of the wavelength shift in the p-type SPSL will due to the energy 
shift in the conduction band. This should be beneficial for most optoelectronic devices based on this material. These initial 
results are wry promising, and should encourage more detailed experimental and the oretical work, including application to 
devices. 
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